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Abstract 

Background: We developed a novel technique to improve tendon-bone attachment by hybridizing calcium 
phosphate (CaP) with a tendon graft using an alternate soaking process. However, the long-term result with regard 
to the interface between the tendon graft and the bone is unclear. 

Methods: We analyzed bone tunnel enlargement by computed tomography and histological observation of the 
interface and the tendon graft with and without the CaP hybridization 2 years after anterior cruciate ligament 
(ACL) reconstruction in goats using EndoButton and the postscrew technique (CaP, n = 4; control, n = 4). 

Results: The tibial bone tunnel enlargement rates in the CaP group were lower than those in the control group (p 
< 0.05). In the CaP group, in the femoral and tibial bone tunnels at the anterior and posterior of the joint aperture 
site, direct insertion-like formation that contained a cartilage layer without tidemarks was more observed at the 
tendon-bone interface than in the control group [p < 0.05). Moreover, the gap area between the tendon graft and 
the bone was more observed at the femoral bone tunnel of the joint aperture site in the control group than in 
the CaP group (p < 0.05). The maturation of the tendon grafts determined using the ligament tissue maturation 
index was similar in both groups. 

Conclusions: The CaP-hybridized tendon graft enhanced the tendon-bone healing 2 years after ACL reconstruction 
in goats. The use of CaP-hybridized tendon grafts can reduce the bone tunnel enlargement and gap area 
associated with the direct insertion-like formation in the interface near the joint. 

Keywords: ACL reconstruction, tendon-bone healing, calcium phosphate hybridization, direct insertion, bone tun- 
nel enlargement 



Introduction 

The anterior cruciate ligament (ACL) is the most fre- 
quently injured ligament in the knee. Surgical recon- 
struction using a replacement graft is the preferred 
method of treatment. A semitendinosus-gracilis (STG) 
tendon graft, the so-called soft tissue graft, is commonly 
used [1,2]. However, the STG tendon graft requires soft- 
tissue-to-bone healing within both bone tunnels. Grana 
et al. [3] observed indirect bonding with fibrous tissue 
between a hamstring tendon autograft and bone tunnels 
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in a rabbit ACL reconstruction model. The indirect 
bonding formation at the interface is similar to that 
observed after a long period [4]. Many studies attempted 
to improve the healing of tendon to bone with different 
therapeutic modalities including application of perios- 
teum augmentation, bone morphogenetic protein, cal- 
cium-phosphate cement, granulocyte colony- stimulating 
factor, gene transfer, and so on [5-11]. We developed a 
novel technique to improve tendon-bone attachment by 
hybridizing calcium phosphate (CaP) with tendons using 
an alternate soaking process [12]. Using the CaP-hybri- 
dized tendon, we observed a scarless direct bonding 
area between the tendon graft and the bone without 
inflammation two to three weeks after ACL reconstruc- 
tion in rabbits [13,14], which was also observed in goats 
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[15]. The CaP-hybridized tendon graft reduced bone 
tunnel enlargement in the femoral side 6 months after 
ACL reconstruction in goats [16]. Moreover, the ante- 
rior-posterior translations in the reconstructed knees in 
the CaP group were shorter and the corresponding in 
situ forces were greater than those in the control group 
at full extension and 60° of knee flexion 1 year after the 
ACL reconstruction in goats [17]. The new bone forma- 
tion at the bone tunnel and cartilage layer formation at 
the tendon-bone interface near the joint in the CaP 
group were more observed than those in the control 
group [17]. Commonly, a minimum of two years of fol- 
low-up after ACL reconstruction is recommended in 
order to evaluate the clinical results. However, the long- 
term effect of the CaP-hybridized tendon after ACL 
reconstruction in animal experiments is unclear. To 
clarify this issue, we used a goat model of ACL recon- 
struction, because long-term studies of goat knees have 
shown the effective restoration of knee stability after 
ACL reconstruction [18,19]. 

We considered that an appropriate mechanical stress 
at the interface after bonding between the tendon graft 
and the bone, and a prerequisite firm anchoring may 
promote direct insertion-like formation at the tendon- 
bone interface and the maturation of the tendon graft 
[13-17]. Therefore, we hypothesized that cartilaginous 
anchoring formation between the tendon graft and the 
bone is more mature, and both the bone tunnel enlarge- 
ment and the percentage of the gap area at the interface 
that is loosening 2 years after ACL reconstruction are 
smaller when using the CaP hybridization method than 
when using the conventional method, because the 
anchoring formation in the CaP group (direct bonding 
and cartilaginous anchoring) is different from that in the 
control group (fibrous bonding) from 2 weeks to 1 year 
after the operation [13-17]. Moreover, the graft in the 
CaP group may be more mature than that in the control 
group, because of its anchoring formation associated 
with an appropriate mechanical stress. 

The objective of this study was to analyze bone tunnel 
enlargement by computed tomography (CT) and histo- 
logical observation of the interface and the tendon graft 
in the group with the CaP-hybridized tendon graft and 
in the group with untreated tendon graft 2 years after 
ACL reconstruction using a goat model. 

Materials and methods 

CaP hybridization method 

Eight skeletally mature female Saanen breed goats (50- 
70 kg) were used in this study. The goats were main- 
tained in accordance with the guidelines of the Ethical 
Committee of the Biomaterial Center of the National 
Institute for Materials Science and the National 



Institutes of Health guidelines for the care and use of 
laboratory animals (NIH Pub. No. 85-23 Rev. 1985). 

Flexor digitorum longus (FDL) tendons were used in 
this study. Double-strand FDL tendons of 45 mm length 
and 5.5 mm diameter were prepared. The tibial end of 
the grafts was secured using the Krackow technique 
with No. 2 nonabsorbable sutures (ETHIBOND* 
EXCEL, ETHICON, INC., USA), and a polyester tape 
suture tied over the EndoButton (Smith & Nephew, 
Andover, MA, USA) was passed through the looped 
femoral end of the grafts. Then, the central third of the 
grafts, considered as the intra-articular portion, was cov- 
ered with the sleeve of a rubber glove tied on each side 
with the No. 2 nonabsorbable sutures to prevent CaP 
hybridization [15-17]. After these procedures, the grafts 
were soaked in 100 ml of a Ca solution (100 mM CaCl 2 
+ 30 mM L-histidine, pH 7.4, 280 mOsm/1). The grafts 
were subsequently soaked in 100 ml of a NaHP0 4 solu- 
tion (116.4 mM NaH 2 P0 4 :128.7 mM Na 2 HP0 4 12H 2 0 
= 1596:85%, pH 7.4, 280 mOsm/1) (Figure 1). The tem- 
peratures of the solution and room were both 25°C. 
Before each soaking, the grafts were washed in a saline 
solution. This cycle was repeated ten times [13-17]. As 
the control, the tendon was soaked in a saline solution 
for 10 minutes. 

Surgical procedures 

All the surgical procedures were performed under sterile 
conditions with the animals under general anesthesia. 
On the right knee, an anterior lateral skin incision was 
made. The ACL was then completely transected and the 
gross anterior subluxation of the tibia was confirmed by 
manual examination. We drilled using a Kirschner wire 
from the anteromedial surface of the proximal tibia to 
the tibial insertion of the ACL. Then we drilled femoral 
side straightly with the knee positioned in 45° flexion to 
ensure consistency of surgical technique. The bone tun- 
nel was reamed using a 5.5-mm-diameter canulated 
drill, resulting in the bone tunnel in the femoral side 
opening anterior of the femoral insertion. The length of 
the tunnel was at least 20 mm. 

The graft described above was passed through the 
femoral and tibial tunnels and fixed to the anteromedial 
surface of the tibia with 20 N as the initial tension using 
a 4.5-mm-diameter cortex screw (MEIRA Corporation, 
Nagoya, Japan) [15-17]. 

Postoperatively, all the goats were allowed free cage 
activity (cage area, 50 m 2 ). All the goats tolerated the 
operation well and were partially weightbearing within a 
few hours after surgery. However, visual inspection 
revealed that normal gait patterns did not return until 3 
to 4 weeks after the surgery. All ACL replacement grafts 
remained 2 years after the operations (Figure 2). 
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Figure 1 Schema of CaP hybridization method. Flexor digitorum longus (FDL) tendon is soaked in a Ca solution (100 mM CaCI 2 + 30 mM L- 
histidine, pH 7.4, 280 mOsm/l). The grafts are subsequently soaked in a NaHP0 4 solution (1 16.4 mM NaH 2 P0 4 :128.7 mM Na 2 HP0 4 12H 2 0 = 
15%:85%, pH 7.4, 280 mOsm/l). The temperatures of the solution and room are both 25°C. Before each soaking, the grafts are washed in a saline 
solution. This cycle is repeated ten times. 



Ex vivo CT 

The four frozen specimens of goats from each group 
were used for CT (Brilliance CT 64, Philips, Amsterdam, 
Netherlands) to assess femoral and tibial bone tunnels. 
The CT (voltage: 120 kV, current: 230 mA) in the full 




Figure 2 Two years after ACL reconstruction. The ACL 

replacement graft remained (arrow). 

V 



extension knee position was supervised and the obtained 
CT images were analyzed by a single radiologist. A stan- 
dard protocol was used consistently throughout the 
study. Initial volume acquisition was with 0.9 mm slices 
from 30 mm above the femoral tunnel to 30 mm below 
the tibial tunnel. Using the work station of Virtual Place 
Lexus (AZE Ltd., Tokyo, Japan), three-dimensional 
images were reconstructed. Axial images of the femoral 
and tibial bone tunnels were obtained using the recon- 
structed three-dimensional images. We measured the 
tunnel cross-sectional area (CSA) of the femur and tibia 
at the main joint aperture site using the axial images of 
the femoral and tibial bone tunnels. The rate of increase 
in tunnel CSA was calculated using the following for- 
mula: CSA increase rate (%) = (CSA at 2 years - Initial 
CSA) x 100/Initial CSA [16]. Initial CSA is calculated 
on the basis of the diameter of the reamer. 

Histological analysis 

After the CT analysis, the femur-ACL graft and ACL 
graft-tibia complex were harvested. At each period, four 
specimens from each group were fixed in 10% neutral 
buffered formalin, decalcified, and embedded in paraffin. 
The specimens were sliced 5 (im thick parallel to the 
long axis of the bone tunnel and then stained with 
hematoxylin and eosin (H-E) and safranin-O to identify 
the cartilage layer in the interface. The specimens were 
examined by light microscopy after staining (BX-51, 
Olympus Optical Co., Ltd., Tokyo, Japan). The tendon- 
bone interface was histologically compared between the 
CaP and control groups. The interface between the ten- 
don and the bone tunnel was assessed by observing its 
formation (fibrous bonding, cartilaginous insertion and 
gap area at joint aperture site) at both the anterior and 
posterior bone tunnels and on both femoral and tibial 
sides. Moreover, the percentage of the gap area in the 
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bone tunnel was calculated using the following formula: 
Gap area percentage (%) = (length of the gap area from 
the joint aperture site - length of the tendon graft in the 
bone tunnel) x 100/length of the tendon graft in the 
bone tunnel (Figure 3). 

The ligament tissue maturation index (LTMI) of Mur- 
ray et aL [20] was used to evaluate the maturation of 
tendon grafts according to the following 3 criteria: [1] 
cellular aspects including cell density, nuclear shape, 
and orientation; [2] extracellular matrix characteristics, 
such as crimp; and [3] vascular features including blood 
vessel density and maturity (total score, 28 points). 

Statistical Analyses 

The bone tunnel enlargement data and histological ana- 
lysis of the two groups were compared using Student's 
£-test at a p < 0.05 significance value. To compare the 
histological difference between the CaP and control 
groups, Mann- Whitney's U test was used at a p < 0.05 
significance value. 

Results 

Ex vivo CT 

Bone tunnel enlargement in the control group was 
greater than that in the CaP group. The bone tunnel 
enlargement rate in the tibial bone tunnel in the CaP 
group was significantly smaller than that in the control 
group. The bone tunnel enlargement rate in the femoral 
bone tunnel CSA with the untreated tendon graft was 
143.3 ± 116.8% and that with the CaP-hybridized tendon 
graft was 122.1 ± 77.9 (p = 0.3861). That in the tibial 




Figure 3 Schematic view of a gap area between a tendon graft 
and bone. T = tendon graft, B = bone, G = length of a gap area 
from a joint aperture site, L = length of a tendon graft in a bone 
tunnel. Gap area percentage (%) = (G - L) x 100/L 
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Figure 4 CT images of cross-sectional area of tunnel, (a) 

Femoral bone tunnel in CaP group, (b) Tibial bone tunnel in CaP 
group, (c) Femoral bone tunnel in control group, (d) Tibial bone 
tunnel in control group. The femoral and tibial bone tunnels in the 
control group showed greater enlargement than those in the CaP 
group. 



bone tunnel CSA with the untreated tendon graft was 
215.9 ± 106.2% and that with the CaP-hybridized tendon 
graft was 87.9 ± 64.8 (p = 0.0427) (Figure 4). 

Histological Findings 

The results of histological analysis (CaP, n = 4; control, 
n = 4) are shown in Tables 1, 2, and 3. The formation 
of a cartilage layer in the interface in the CaP group was 
more observed than in the control group (p = 0.0352). 
In the femoral and tibial bone tunnels at the anterior 
and posterior of the aperture site, the cartilage layers 
were on average 150 (im to 2.6 mm in length and 80 
[im to 550 [im in thickness, and the staining of glycosa- 
minoglycan by safranin-O was observed. In each site, 
the length and the thickness were not significant differ- 
ence between the CaP and control groups (p > 0.05). 
The cartilage layer showed two distinct layers, namely, 
uncalcified fibrocartilage and calcified fibrocartilage 
layers without tidemarks (Figures 5, 6). At the aperture 

Table 1 Histological observation (cartilage layer 
formation) 

Femur (N = 4) Tibia (N = 4) 

anterior posterior anterior posterior 

CaP group (n = 4) 2/4 2/4 4/4 3/4 

Control (n = 4) 0/4 1/4 3/4 1/4 
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Table 2 Histological observation (red stained area by Safranin-0 staining in cartilage layer at interface) 





Femoral side 


Tibial side 




anterior 


posterior 


anterior posterior 




length (mm) width (mm) 


length (mm) width (mm) 


length (mm) width (mm) length (mm) width (mm) 


CaP group (n = 4) 
Control (n = 4) 


0.15 ± 0.29 0.08 ± 0.16 
0 0 


2.65 ± 3.15 0.56 ± 0.68 
0.42 ± 0.85 0.09 ±0.17 


1 .45 ± 0.76 0.35 ± 0.16 1 .1 5 ± 1 .38 0.22 ± 0.18 
0.56 ± 0.54 0.21 ± 0.24 0.28 ± 0.55 0.08 ± 0.16 



Results are the mean ± SD 



site, cartilage layers between the tendon and the bone 
were observed at the anterior surface of the tibial bone 
tunnel in all 4 specimens, at the posterior surface of the 
tibial bone tunnel in 3 specimens, at the anterior sur- 
faces of the femoral bone tunnel in 2 specimens, and at 
the posterior surface of the femoral bone tunnel in 2 
specimens. In the tibial bone tunnel, the cartilage layer 
was more prominent than that in the femoral bone 
tunnel 

In the control group, Sharpeys fibers were dense and 
penetrated the bone perpendicular to the direction of 
the lamellae (Figure 7). Sharpey's fibers observed at the 
anterior bone tunnel were long. On the other hand, 
those at the posterior bone tunnel were short and 
dense. At the aperture site, cartilage layers between the 
tendon and the bone were observed at the anterior sur- 
face of the tibial bone tunnel in 3 specimens, at the pos- 
terior surface of the tibial bone tunnel in 1 specimen, at 
the anterior surfaces of the femoral bone tunnel in none 
of the specimens, and at the posterior surface of the 
femoral bone tunnel in 1 specimen. 

The gap area in the femoral side in the control group 
was more observed than that in the CaP group (p = 
0.0178). At the gap area, a synovial tissue cover was 
observed on the tendon and bone tunnel surface (Figure 
8). The gap area between the tendon and the bone was 
observed at the anterior surface of the tibial bone tunnel 
in none of the specimens, at the posterior surface of the 
tibial bone tunnel in 2 specimens, at the anterior sur- 
faces of the femoral bone tunnel in all 4 specimens, and 
at the posterior surface of the femoral bone tunnel in 3 

Table 3 Histological observation (gap area at interface) 

Femur Tibia 
N = 4 N = 4 



gap area rate: AV ± SD gap area rate: AV ± 
% SD % 





anterior 


posterior 


anterior 


posterior 


CaP group (n = 4) 


1/4 


1/4 


0/4 


0/4 




4.3 ± 8.7% * 


4.5 ± 9.0% 


0% 


0% 


Control (n = 4) 


4/4 


3/4 


0/4 


2/4 




42.4 ± 20.4% 


13.0 ± 13.4% 


0% 


14.4 ± 18.7% 



AV: average, SD: standard deviation 



* p < 0.05 compared with control values. 



specimens in the control group. The gap area rates were 
0% in the anterior tibial bone tunnel, 14.4 ± 18.7% in 
the posterior tibial bone tunnel, 42.4 ± 20.4% in the 
anterior femoral bone tunnel, and 13.0 ± 13.4% in the 
posterior femoral bone tunnel. 

In the CaP group, the gap area at the interface was 
small at the anterior surface of the tibial bone tunnel in 
none of the specimens, at the posterior surface of the 
tibial bone tunnel in none of the specimens, at the ante- 
rior surfaces of the femoral bone tunnel in 1 specimen, 
and at the posterior surface of the femoral bone tunnel 
in 1 specimen. The gap area rates were 0% in the ante- 
rior tibial bone tunnel, 0% in the posterior tibial bone 
tunnel, 4.3 ± 8.7% in the anterior femoral bone tunnel, 
and 4.5 ± 9.0% in the posterior femoral bone tunnel. 
The gap area rate in the anterior femoral bone tunnel in 
the CaP group was significantly smaller than that in the 
control group (p = 0.0069). 

Two years after ACL reconstruction, the LTMIs of the 
tendon graft were similar in the CaP and control groups, 
in terms of the uniform linear collagen orientation and 
the spindle-shaped nuclear morphology of the graft (Fig- 
ure 9). The LTMIs were 19.3 ± 3.9 for the CaP group 
and 18.5 ±1.7 for the control group. There was no sig- 
nificant difference between the CaP and control groups 
(p = 0.7398). 

Discussion 

We found direct insertion-like formation at the interface 
in the CaP group 2 years after ACL reconstruction. 
However, the structure was different from a normal 
insertion structure because it lacked tidemarks. The car- 
tilage layer in the femoral and tibial bone tunnels at the 
anterior and posterior of the aperture site was more 
prominent between the tendon graft and the bone in 
the CaP group than in the control group. Mechanical 
load has significant effects on the formation, degrada- 
tion, regeneration, and tissue composition of tendons in 
vitro and in vivo [21-25]. Yamakado et al. [26] demon- 
strated the regeneration of tendon-bone junctions at the 
entrance of bone tunnels after extensor tendons were 
grafted extra-articularly. They suggested that tension 
and/or compression enhances the healing of tendon- 
bone junctions and chondroid formation. In the CaP 
method, scarless direct bonding, which is due to the fact 
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Figure 5 Histological sections stained with safranin-0 for the CaP group. This area is the posterior of the aperture site in the femur. T = 
tendon graft, B = bone, C = cartilage tissue, UF = uncalcified fibrocartilage-like tissue, CF = calcified fibrocartilage-like tissue, (a) Low- 
magnification image (x 12.5). The cartilage layer with glycosaminoglycan stained red was observed between the tendon graft and the bone, (b) 
Magnified views of boxed part in (a) (x 100). The interface shows 4 distinct layers, namely, tendon graft, uncalcified fibrocartilage, calcified 
fibrocartilage layer, and bone tunnel, (c) Magnified views of the boxed part in (b) (x 400). The cartilage layer shows 2 distinct layers, namely, 
uncalcified fibrocartilage and calcified fibrocartilage layer without tidemarks. 



that the bonelike microstructure contains low-crystalline 
apatite and type I collagen, and reduction of inflamma- 
tion are achieved in the early postoperative phase 
[13-15]. Then, the interface becomes a cartilaginous 
insertion 6 months after ACL reconstruction [16]. 
Moreover, the in situ force in the tendon graft is greater 
in the CaP method than in the conventional method 1 
year after ACL reconstruction [17]. The interface with a 
CaP-hybridized tendon graft after direct bonding can 
react to tension and/or compression. The mechanical 
environment (tensile and/or compressive force) in this 
direct bonding probably further may promote the differ- 
entiation of the interface zone to a cartilage layer. 
Therefore, cartilaginous direct insertion-like formation 



can be realized 2 years after ACL reconstruction in the 
CaP group. However, we were unable to regenerate tide- 
marks, because the tendon-bone alignment in the recon- 
structed knee differs from that in the knee with normal 
ACL insertion. ACL insertion consists of four distin- 
guishable tissue layers in transition, that is, ligaments, 
fibrocartilage, mineralized fibrocartilage, and bone 
[27,28]. The fibrocartilage and mineralized cartilage 
function as a stress or shock absorber by reducing the 
stiffness gradient between the ligament and the bone 
[29,30]. Reconstructing the highly specialized structure 
of cartilaginous insertion is necessary to reduce the 
transverse contraction of the ligament during tensile 
loading, which therefore acts as a stretching brake [29]. 




Figure 6 Histological sections stained with safranin-0 for CaP group. This area is the anterior of the aperture site in the tibia. T = tendon 
graft, B = bone, C = cartilage tissue, UF = uncalcified fibrocartilage-like tissue, CF = calcified fibrocartilage-like tissue, (a) Low-magnification 
image (x 40). The cartilage layer with glycosaminoglycan stained red was observed between the tendon graft and the bone, (b) Magnified views 
of the boxed part in (a) (x 400). The cartilage layer shows 2 distinct layers, namely, uncalcified fibrocartilage and calcified fibrocartilage layer 
without tidemarks. 

I J 
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Joint aperture site healing with two distinguishable carti- 
laginous insertion layers (direct insertion-like formation) 
in the CaP group can neutralize graft motion within the 
tunnel On the other hand, in the control group, mainly 
fibrous tissue intervention was observed at the interface 
between the tendon graft and the bone tunnel. A pro- 
longed instability of the interface formed using an 
untreated tendon graft in the early postoperative period 
could lead to fibrous insertion formation owing to 
micromotion and inflammation at the interface for a 
long time. Shear stress at the interface associated with 
the bungee effect (longitudinal micromotion) [31], rota- 
tional micromotion, and transverse micromotion (wind- 
shield wiper effect) promotes fibrous insertion formation 
(Sharpeys fibers) in the control group, as similarly pre- 
viously reported [3,13]. 

Bone tunnel enlargement in the CaP group was lesser 
in both the femoral and tibial bone tunnels than that in 
the control group. The possible etiologies for tunnel 



widening include synovial fluid cytokines, graft-tunnel 
micromotion, and inflammatory mediators. Synovial 
fluid influx into a bone tunnel may also affect healing. 
Berg et al. [32] studied the healing of empty bone tun- 
nels in rabbit knees and found rapid bone formation at 
the extra-articular exit of a femoral tunnel, whereas 
bone formation was delayed at the intra-articular exit of 
the tunnel. They postulated that synovial fluid cytokines 
delay the healing of the intra-articular exit of the tunnel. 
Moreover, enlargement of the articular end of the bone 
tunnels is a common problem in ACL reconstruction 
[33], because the graft-tunnel motion can be greater at 
the tunnel aperture site than at the extra-articular end 
of the tunnel for grafts fixed by suspensory fixation. In 
the control group, a marked tunnel enlargement was 
observed by CT, and a histologically large gap area with 
synovial tissue covering the tendon graft and bone tun- 
nel surface was also observed. Therefore, the continued 
micromotion at the interface can lead to bone tunnel 




Figure 8 Histological sections stained with H-E for the control group. This area is the anterior of the aperture site in the femur. T = tendon 

graft, B = bone, (a) Low-magnification image (x 40). A gap area at the joint aperture site was observed, (b) and (c) are magnified views of the 

boxed part in (a) (x 400). A synovial tissue cover was observed on the tendon and bone tunnel surface. 
I ) 
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enlargement not only on the femoral side but also on 
the tibial side when using untreated tendon grafts in our 
animal experiment 2 years after the operation. More- 
over, bone tunnel enlargement on the femoral side 6 
months after ACL reconstruction [9] could increase the 
gap area at the interface on the femoral side 2 years 
after the operation, because of micromotion and joint 
fluid. Synovial fluid pumping with cytokines caused by 
graft motion in the bone tunnel can promote synovial 
membrane formation on the tendon graft and bone tun- 
nel surface. These phenomena may account for the loos- 
ening at the interface and knee instability in the control 
group. On the other hand, in the CaP group, the carti- 
lage layer in the interface on the joint aperture site side 
can prevent the influx of synovial fluid and absorb the 
graft-tunnel motion. Therefore, bone tunnel enlarge- 
ment was lesser and the gap area was smaller in the 
CaP group than in the control group. 

The enhanced tendon-bone healing in the CaP group 
did not result in the maturation of the tendon graft. 
We considered that firm anchoring would be impor- 
tant for the maturation of the tendon graft. The mid- 
substance of the graft prepared using the CaP- 
hybridization method may promote the recovery of 
mechanical strength owing to its effective load transfer 
through the tibia-graft-femur construct after anchoring 
1 year after ACL reconstruction in goats [10]. How- 
ever, the maturation of the tendon graft in both groups 
was similar 2 years after ACL reconstruction. It may be 
difficult in terms of long-term results in animals to set 
appropriate mechanical conditions for ACL reconstruc- 
tion by joint geometry. 

Regarding the limitation of this study, since we did 
not perform mechanical analysis 2 years after ACL 



reconstruction, the mechanical strength in both groups 
is unclear in this study. Further study to clarify the 
mechanical properties of the tendon graft and to clarify 
the effect of mechanical stress on graft maturation is 
required. Examination of non-significant results of this 
study may be necessary to check for possible false nega- 
tives due to the small number of samples. If we use a 
larger number of specimens, a clearer significant differ- 
ence may have appeared. 

The CaP-hybridized tendon graft enhanced the ten- 
don-bone healing 2 years after ACL reconstruction in 
goats. The CaP-hybridized tendon graft can reduce the 
bone tunnel enlargement and the gap area associated 
with the direct insertion-like formation in the interface 
at the joint aperture site. 
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